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Abstract
Quasar absorption spectral data indicate the presence of a spatial gradient in the electromagnetic
fine-structure constant α on cosmological length scales. We point out that experiments with ac-
celerometers, including torsion pendula and atom interferometers, can be used as sensitive probes of
cosmological spatial gradients in the fundamental constants of nature, which give rise to equivalence-
principle-violating forces on test masses. Using laboratory data from the Eo¨t-Wash experiment, we
constrain spatial gradients in α along any direction to be |∇α/α| < 6.6×10−4 (Glyr)−1 at 95% con-
fidence level. Our result represents an order of magnitude improvement over laboratory bounds from
clock-based searches for a spatial gradient in α directed along the observed cosmological α-dipole
axis.
2The idea that the fundamental constants of nature might vary can be traced as far back as the
large numbers hypothesis of Dirac, who hypothesised that the gravitational constant G might be
proportional to the reciprocal of the age of the universe [1–3]. More recently, studies of absorption
spectra of distant quasars located in different regions of the universe have indicated the presence
of a spatial gradient in the electromagnetic fine-structure constant α = e2 on cosmological length
scales [4–6].[1] The observed spatial gradient in α has a dipolar structure, a significance of ∼ 4σ and
the following magnitude: ∣∣∣∣∇αα
∣∣∣∣
quasars
≈ 10−6 (Glyr)−1 . (1)
Previous ideas to independently test this cosmological α-dipole using laboratory or terrestrial
measurements have focused exclusively on searches for apparent temporal variations of α correlated
with the motion of a detector along the α-dipole axis (see Ref. [7] and references therein).[2] The
drawbacks of such tests are twofold: (i) the velocities of the Solar System and its constituent bodies
are non-relativistic, suppressing the magnitude of the apparent temporal variations of α on Earth by
the factor of v/c ≪ 1, and (ii) the rectilinear motion of the Sun is practically perpendicular to the
axis of the cosmological α-dipole (see Table I), further suppressing the magnitude of the apparent
temporal variations of α. Tests via the Oklo phenomenon [9, 10] and meteorite dating measurements
[11, 12] additionally require sufficiently precise knowledge of the Solar System’s trajectory over the
past few billion years.
TABLE I: Summary of values for the right ascension and declination of the cosmological α-dipole in equatorial coordi-
nates, the angle ψ between the direction of increasing α along the α-dipole axis and the direction of the Sun’s motion,
the angle χ between the direction of increasing α along the α-dipole axis and the direction of the north ecliptic pole,
and the approximate day on which the maximal value of α would be seen on Earth due to the periodic orbital motion
of Earth around the Sun. The current direction of the Sun’s motion relative to the cosmic microwave background
frame has right ascension 168◦ and declination −7◦ in equatorial coordinates [8]. All of the indicated uncertainties
are 1σ.
Reference Right ascension Declination cos(ψ) χ αmax day
[4] 17.5± 0.9 h −58◦ ± 9◦ 0.06± 0.13 125◦ 14 June
[5] 17.2± 0.7 h −58◦ ± 7◦ 0.10± 0.10 125◦ 11 June
[6] 16.76± 1.17 h −63.79◦ ± 10.30◦ 0.16± 0.12 131◦ 8 June
The Solar System’s barycentre, which coincides roughly with the position of the Sun, moves in an
approximately rectilinear manner (on a laboratory timescale) relative to the comoving cosmic rest
[1] Unless explicitly stated otherwise, we adopt the natural system of units ~ = c = 1, where ~ is the reduced Planck
constant and c is the speed of light in vacuum.
[2] We shall neglect the possibility that the spatial gradient in α, which is observed to be constant over a range of
cosmological length scales, might have a more complicated form on sub-galactic length scales, and instead we shall
simply assume that the form of the spatial gradient in α remains the same on sub-galactic length scales.
3frame defined by the observed cosmic microwave background (CMB), at a speed of 370 km/s [8]. The
angle ψ between the direction of increasing α along the α-dipole axis and the direction of the Sun’s
motion has a mean value of cos(ψ) ∼ 0.1 (see Table I), with the large uncertainty in ψ dominated
by the uncertainty in the measured position of the cosmological α-dipole on the sky. Clock-based
searches for a temporal variation of α constrain linear-in-time drifts in α to |α˙/α| < 4.9×10−17 yr−1
at 95% confidence level [13–15], assuming that variations of the fundamental constants reside mainly
in the electromagnetic sector. This translates into the following figure of merit for the sensitivity of
these clock-based data to a spatial gradient in α directed along the cosmological α-dipole axis:∣∣∣∣∇αα
∣∣∣∣
clocks
∼ 4× 10−4 (Glyr)−1 . (2)
We note that the figure of merit in Eq. (2) does not constitute a robust limit, since the assumed mean
value of cos(ψ) ∼ 0.1 is within ∼ 1σ of cos(ψ) = 0, in which case the rectilinear motion of the Sun
is perpendicular to the cosmological α-dipole axis and the sensitivity of clock-based measurements
on Earth degrades significantly. Furthermore, the observation of a linear-in-time drift in α in the
laboratory by itself would not provide a confirmation of the cosmological α-dipole seen in Refs. [4–6]
with the current uncertainty in cos(ψ), since one would not be able to precisely infer the magnitude
of the α-dipole in this case, let alone confirm the sign of the α-dipole. Likewise, the non-observation
of a linear-in-time drift in α in the laboratory by itself would not refute the cosmological α-dipole
seen in [4–6] with the current uncertainty in cos(ψ).
On the other hand, one may place reasonably robust limits on a spatial gradient in α directed
along the cosmological α-dipole axis via laboratory searches for apparent temporal variations of α
correlated with Earth’s orbital motion around the Sun (which involves circular rather than rectilinear
motion). The angle χ between the direction of increasing α along the α-dipole axis and the direction
of the north ecliptic pole is≈ 127◦ (see Table I), which leads to a displacement of ∆z ≈ 2 sin(χ) AU ≈
2.4×1011 m along the α-dipole axis over the course of a year. Fitting the Al+/Hg+ clock-comparison
data of Ref. [13] to the profile δα/α = β cos[2pit/(1 yr) + φ], where the phase φ is determined by
the requirement that the maximal value of α seen on Earth occurs on approximately 11 June (see
Table I), and assuming that the sensitivity coefficient to α variations is Kα(Al
+)−Kα(Hg
+) ≈ +3.0
[16], gives β = (−1.2 ± 2.4) × 10−17 (1σ). This translates into the following bound on a spatial
gradient in α directed along the cosmological α-dipole axis at 95% confidence level:∣∣∣∣∇αα
∣∣∣∣
Al+/Hg+
< 4.7× 10−3 (Glyr)−1 . (3)
The limit in Eq. (3) is an order of magnitude less stringent than the figure of merit in (2) and
is lacking about four orders of magnitude in sensitivity to test the cosmological α-dipole seen in
Refs. [4–6], Eq. (1).
In this paper, we propose a different approach to robustly test the cosmological α-dipole, Eq. (1), in
the laboratory that avoids the issues associated with the conventional tests discussed above. Specif-
ically, we propose the use of accelerometers, including torsion pendula and atom interferometers,
to search for the equivalence-principle-violating forces that would be exerted on two different test
4masses in the presence of a spatial gradient in α. Searching for such equivalence-principle-violating
forces with accelerometers does not rely on any motion of the apparatus along the cosmological
α-dipole axis, thereby avoiding the usual non-relativistic suppression factor v/c≪ 1 that is present
in conventional laboratory tests. Additionally, the rotation of Earth (and in some experiments, the
apparatus itself, e.g., via a rotating turntable) causes these equivalence-principle-violating forces to
be appreciably aligned with the sensitivity axis or plane of the accelerometer for O(50%) of the time,
thereby avoiding the usual suppression factor associated with cos(ψ) ≈ 0 that plagues conventional
laboratory tests.
A number of high-precision accelerometer-based tests of the equivalence principle using Earth as
the attractor have been performed, including the laboratory-based Eo¨t-Wash experiment [17], the
space-based MICROSCOPE mission [18], and more recently atom-interferometry measurements in
the laboratory [19]. To illustrate the basic principles of accelerometer-based searches for cosmological
spatial gradients in α, we focus on the Eo¨t-Wash measurements reported in Ref. [17], which lead
to the most stringent accelerometer-based bounds on cosmological spatial gradients in α. The
combined rotation of Earth and the apparatus in the Eo¨t-Wash experiment causes a cosmological
spatial gradient in α along any space-fixed direction to be appreciably aligned with the horizontal
sensitivity plane of the apparatus (which is tilted by ∼ 10−3 rad away from the vertical direction due
to Earth’s rotation) for O(50%) of the time, thereby avoiding the ∼ 10−3 suppression factor that is
present in tests of the equivalence principle using Earth as the attractor (this suppression factor is
absent in the MICROSCOPE experiment).
A test particle or test body of mass M , which varies in space or time, experiences the following
additional acceleration (see, e.g., Refs. [20, 21] and references therein):
δa = −
∇M
M
−
M˙
M
v , (4)
where v is the velocity of the test particle or body with respect to the comoving cosmic rest frame,
which we again take to be the CMB frame. The physical meaning of the first term in Eq. (4) is that
a test particle is attracted towards the direction where the particle has a lower mass-energy, while
the second term in (4) follows from conservation of linear momentum. The mass-energy of a non-
relativistic electrically-neutral atom containing A nucleons and Z ≫ 1 electrons can be approximated
as:
Matom ≈ AmN + Zme +
aCZ
2
A1/3
. (5)
The first two terms in Eq. (5) correspond to the nucleon and electron rest-mass-energies, mN and
me, respectively. The third term in (5) corresponds to the energy associated with the electrostatic
repulsion between protons in a spherical nucleus of uniform electric-charge density, with the coeffi-
cient aC ≈ 3α/(5r0) ≈ 0.7 MeV, where r0 ≈ 1.2 fm is the internucleon separation parameter that is
determined chiefly by the strong nuclear force.
Since the fractional mass-energy contributions due to the electromagnetic, electron-mass and
nucleon-mass components in Eq. (5) generally differ for different test particles or test bodies, differ-
ent particles or bodies will therefore experience different accelerations via Eq. (4). The equivalence-
5principle-violating forces resulting from a cosmological spatial gradient in one or more of the funda-
mental constants of nature can be sought with accelerometers employing two different test-particle
species or two bodies of different material compositions. If variations of the fundamental constants
reside predominantly in the electromagnetic sector,[3] then the difference in acceleration between two
test particles or test bodies reads as follows:
δ(a1 − a2) ≈
[(A1W2 −A2W1)mN + (Z1W2 − Z2W1)me] aC
(A1mN + Z1me +W1aC)(A2mN + Z2me +W2aC)
(
∇α
α
+
α˙
α
v
)
, (6)
where Wi = Z
2
i /A
1/3
i . In the case of the Eo¨t-Wash measurements in [17], which employed beryllium
and titanium test bodies, Eq. (6) reads:
δ(aBe − aTi) ≈ +1.4× 10
−3
(
∇α
α
+
α˙
α
v
)
. (7)
The torsion-pendulum measurements in [17] constrained space-fixed differential accelerations in
any direction to |δ(aBe−aTi)| < 8.8× 10
−15 m/s2 at 95% confidence level. In the limiting case that
variations of α are purely spatial in the comoving cosmic rest frame, using Eq. (7), we derive the
following robust limit on a spatial gradient in α along any direction at 95% confidence level:[4]∣∣∣∣∇αα
∣∣∣∣
Be−Ti
< 6.6× 10−4 (Glyr)−1 . (8)
The limit in Eq. (8) is an order of magnitude more stringent than the clock-based limit in Eq. (3),
which applies to a spatial gradient in α directed along the axis of the cosmological α-dipole observed
in Refs. [4–6]. Since the bound (8) applies to spatial gradients in α along any direction, it should be
regarded as a conservative limit on a spatial gradient in α directed along the axis of the cosmological
α-dipole seen in [4–6]; a separate analysis specifically for the axis direction of the cosmological
α-dipole observed in [4–6] may give a more stringent torsion-pendulum-based limit than in Eq. (8).
Future torsion-pendulum experiments may improve in sensitivity by up to several orders of mag-
nitude compared to our bound in (8), allowing torsion-pendulum experiments to directly test the
cosmological α-dipole observed in Refs. [4–6], Eq. (1); for details of some of the possible specific im-
provements to torsion-pendulum experiments, see Ref. [22] and references therein. Meanwhile, the
sensitivity of interferometry experiments involving two different species of cold atoms has improved
by five orders of magnitude over the past several years alone [19, 23–26] and is now approaching
that of torsion-pendulum tests of the equivalence principle [17, 18, 27].
[3] At the time of writing, there does not appear to be strong evidence of variations of the fundamental constant(s)
other than α.
[4] Motion of the apparatus along a spatial gradient in α can give rise to temporal changes in the apparent size of the
spatial gradient in α between two observers using different references for the unit of length (or the unit of time, if
c remains constant). In the non-relativistic limit, the length of a solid object scales as ∝ 1/(meα), while lengths
defined via an optical or hyperfine atomic transition frequency scale as ∝ 1/(meα
2) and ∝ mp/(m
2
e
α4), respectively.
Apparent linear-in-time drifts in α and me/mp over the duration of the Eo¨t-Wash measurements are independently
constrained to be very small, making any such reference-dependent changes to the numerical value quoted in Eq. (8)
negligible.
6Finally, in the limiting case that variations of α are purely temporal in the CMB frame, using
Eq. (7) and noting that the speed of the Solar System with respect to the CMB frame is 370 km/s
[8], we derive the following limit on a linear-in-time drift in α at 95% confidence level using the
torsion-pendulum data in [17]: ∣∣∣∣ α˙α
∣∣∣∣
Be−Ti
< 5.4× 10−10 yr−1 . (9)
The limit in Eq. (9) is several orders of magnitude less stringent than bounds from clock-comparison
measurements [13–15], due to the ∼ 10−3 suppressed sensitivity coefficient and the additional non-
relativistic v/c ∼ 10−3 suppression factor in Eq. (7), the former of which arises because the elec-
tromagnetic mass-energy contribution to the overall mass of an atom is small to begin with, see
Eq. (5).
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